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Atoms became real in the 20th century
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To explain a complicated visible by a simple invisible
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Nanophysics!
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All things are made of atoms–little particles 
that move around in perpetual motion, 
attracting each other when they are 

a little distance apart, 
but repelling upon being squeezed 

into one another.

—Richard Feynman, Six Easy Pieces
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Quantum Mechanics

Paul Dirac: “[Schrödinger’s equation] accounts for
much of physics and all of chemistry”
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1991: Schrödinger Professor, University of  Vienna
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Great Lesson of XXth Century Science

The human scale of space & time is not 
privileged for understanding Nature . . .

and may even be disadvantaged
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The world’s most powerful microscopes 
… home to nanonanophysicists!

Tevatron collider at Fermilab
protons on antiprotons at 1+1 TeV

speed of light: c ≈ 109 km/h
speed of protons: c – 495 km/h

→100 million collisions per second

Large Hadron Collider at CERN
protons on protons at 3.5+3.5 TeV

speed of protons: c – 39 km/h
soon: c – 10 km/h
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D0

CDF
CQ

www.fnal.gov
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CDF Experiment
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CDF two-jet event (70% of energy ⊥ beam direction)

quark + antiquark → jet + jet

The World’s Most Powerful Microscopes
nanonanophysics
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The World’s Most Powerful Microscopes
nanonanophysics

Transverse momenta: 1.3 TeV + 1.2 TeV
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Walk of Ideas,  Altes Museum Berlin (2006)
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D0 top quark + antiquark
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Accelerators as time machines …
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Pointlike (r ≤ 10−18 m) quarks and leptons

Our Picture of Matter (the revolution just past)
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Gravitation, electromagnetism, radioactivity, strong interaction

18



New Law of Nature #1

Quantum chromodynamics (QCD): 
color symmetry among quarks
red· green· blue gluons

d u

u

D. Leinweber

uR
dR

cR
sR

tR
bR

uL
dL

cL
sL

tL
bL

19

http://www.physics.adelaide.edu.au/~dleinweb/
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M78· SDSS

Lattice QCD: quark confinement origin of nucleon mass
has explained nearly all visible mass in the Universe
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New Law of Nature #2
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Electroweak theory:
family symmetry
u ↔ d ; ν ↔ e ; …  

weak bosons (W+, W–, Z0) + photon
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Weak interactions, electromagnetism 
seem so different …

Weak Electromagnetic

range: 1% proton size infinite range

W: 90 × proton mass massless photon

How can they share a common origin (symmetry)?
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Symmetry of laws �⇒ symmetry of outcomes
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Heike Kamerlingh Onnes, 1911: Superconductivity
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Mercury loses all resistance at 4.2 K
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Meissner Effect (1933)
hidden EM symmetry
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Meissner effect suggests that
a field that permeates all of space
could hide electroweak symmetry

Peter Higgs
+ R. Brout†, F. Englert, G. Guralnik, R. Hagen, T. Kibble
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Higgs boson: massive particle with spin zero
hides electroweak symmetry

gives mass to W and Z
gives mass to electron, quarks, etc.

Not yet observed!

Theory does not predict Higgs-boson mass

“Standard” Electroweak Theory
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Gedankenexperiment

TeV energy scale!
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Large Hadron Collider· CERN

proton-proton collisions at 3.5 → 7 TeV/beam

LHCb

ATLASALICE

CMS
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CMS
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CMS

32
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CMS
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ATLAS
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Das LHC Projekt        S.Bethke       Max-Planck-Institut für Physik             3520

ATLAS
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Fabiola Gianotti (ATLAS) : If we do not find the Higgs boson,
that means that the theory is just wrong!
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• New kind of force? (Higgs boson)

• New force from a new symmetry?

• Residual force from strong dynamics?

• Echo of extra spacetime dimensions?

Which path has nature taken?

What hides the electroweak symmetry?
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How a heavy Higgs boson would appear

CMS event: 7-TeV pp
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Why will it matter?

Understanding the everyday …

  Why atoms?
  Why chemistry?
  Why stable structures?
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Without a Higgs mechanism …

Electron and quarks would have no mass
QCD would confine quarks into protons, etc.
        Proton mass little changed
Surprise: QCD would hide EW symmetry, 
        give tiny masses to W, Z
Massless electron: atoms lose integrity 
No atoms means no chemistry, no stable 
composite structures like liquids, solids, …

… character of the physical world
would be profoundly changed
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Much more to learn …
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Revolution: the meaning of identity

• What makes a top quark a top quark 
and an electron an electron?

• What sets masses of quarks & leptons?

top quark weighs 300,000 x electron
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Str
ings?
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[A PUZZLE RAISED BY THE HIGGS]
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An electroweak puzzle:
Does MH < 1 TeV make sense?
The peril of quantum corrections

Scientific American
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How to separate electroweak, higher scales?

Extend electroweak theory on the 1-TeV scale …

composite Higgs boson

technicolor / topcolor

supersymmetry

…

Ask instead why gravity is so weak
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Conventional Gravity

Suppose at scale R … gravity infiltrates 4+n dimensions

1/r 2

1/r 2+n

MPlanck would be a mirage!
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New physics in the LHC range?More

If dark matter interacts weakly …

… its likely mass is 0.1 to 1 TeV

COSMOS
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Dark matter relics of the big bang?

49



Revolution:
Unity of Quarks & Leptons

•What do quarks and leptons have in 
common?

•Why are atoms neutral?
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Conjectured Law of Nature?
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… would have to be a hidden symmetry
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Extended quark–lepton families: 
proton decay!
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Pb-Pb Collisions at 287 TeV

Jet Quenching
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“It was as if, suddenly, we had 
broken into a walled orchard, 
where protected trees had 
flourished and all kinds of 
exotic fruits had ripened in 
great profusion.”

— Cecil Powell
1950 Nobel Prize
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Thanks to …

Eric Weeks for the film of Brownian motion 
www.physics.emory.edu/~weeks

J. D. Jackson for the photo of Peter Higgs
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